The current study demonstrates that T 3 -activated transcription of the NADPH:cytochrome P450 oxidoreductase (P450R) gene is dependent on the thyroid hormonal status of the animal, with both transcriptional and post-transcriptional pathways being important in regulating the cellular P450R mRNA level. The region required for transcriptional activation of the P450R gene by T 3 has been identified. Nuclear run-on experiments demonstrated that the effects of T 3 on P450R transcription are dependent on thyroid status, with a transcriptional enhancement obtained in T 3 -treated hypothyroid rat liver (1.8-fold increase) but not in T 3 -treated euthyroid animals. Transient cotransfection of P450R promoter/chloramphenicol acetyl transferase (CAT) constructs and the thyroid hormone receptor ␤1 (TR␤1) expression plasmid into rat hepatoma H4IIE cells resulted in a 2.4-fold induction of promoter activity that was both T 3 and TR␤1 dependent. Analysis of promoter deletion constructs identified a P450R-thyroid response region (P450R-TRE; bases, Ϫ564 to Ϫ536) containing three imperfect direct repeats of the thyroid response motif, AGGTCA. Mutational analysis further established that T 3 induction was dependent only on the upstream direct repeat, having the sequence AGGTGAgctgAGGCCA. Footprint analysis showed that all three motifs were protected by proteins present in rat liver nuclear extracts, and a direct interaction between P450R-TRE and T 3 receptors TR␣1 and TR␤1 was demonstrated by gel-shift analysis. In vitro binding studies with P450R-TRE revealed the formation of heterodimeric complexes when TR␣1 was coincubated with either the retinoic X receptor ␣ or nuclear extract from rat liver, COS, or H4IIE cells. In addition, placement of the P450R-TRE upstream of the T 3 -nonresponsive heterologous thymidine kinase promoter resulted in a 2.7-fold transcriptional enhancement that was both T 3 and TR␤1 dependent. Previous studies have demonstrated that T 3 augments P450R mRNA levels ϳ20 -30-fold and ϳ12-fold, respectively, in hypothyroid and euthyroid rats. Hence, for the hypothyroid state, transcriptional and posttranscriptional events contribute to the T 3 -induced mRNA increases; however, the marked increase in message level in T 3 -treated euthyroid animals depends primarily on post-transcriptional pathways.
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T 3 regulates numerous enzymes associated with hepatic metabolism, including the mixed function oxidase system (1) . Composed of the cytochromes P450 and NADPH, P450R [NADPH:ferricytochrome oxidoreductase (EC 1.6.2.4)], this system is responsible for the initial metabolism of a wide range of lipophilic foreign compounds and functions directly in the biotransformation of many drugs as well as in the activation of chemical carcinogens. P450R serves as an internal electron transport chain, transferring electrons from NADPH to FAD to FMN and finally to cytochrome P450 and other enzymes such as heme oxygenase and cytochrome b 5 (2) . Transfer of electrons from P450R to the cytochromes P450 is rate-limiting in many tissues, and alterations in the level of P450R have been shown to have an impact on the P450-dependent reactions (1) .
In contrast to the cytochromes P450, which constitute a gene superfamily with Ն14 different mammalian families (3), P450R is encoded by a single gene localized in the mouse and human to chromosomes 6 and 7, respectively (4, 5) . The rat gene spans Ͼ50 kb and has an untranslated first exon residing 30.5 kb upstream of the coding region (6, 7) . Comparison of the amino acid sequence of P450R with other flavoproteins shows that the FMN-binding domain is homologous to the corresponding domains of the flavodoxins, whereas the FAD-and NADPH-binding domains are homol-ogous to ferridoxin-NADP ϩ reductase (8) . This high level of sequence conservation suggests that P450R arose through the fusion of two ancestral genes encoding these two flavoproteins.
Although P450R is required for the enzymatic activity of the cytochromes P450, it is independently regulated, with marked differences seen in both the extent and time course of induction by a variety of compounds (9, 10 ; for a review, see Ref. 2) . To understand the modulation of cellular P450R levels, workers in one of our laboratories isolated the P450R promoter and have begun to determine factors affecting its transcriptional regulation. Unlike many other drug-metabolizing enzymes, including many of the cytochromes P-450, the P450R promoter does not contain either a TATA or a CCAAT box and is GC rich, possessing nine Sp1 consensus sites, of which only two are required to support basal transcription (11) .
Studies on the hormonal regulation of rat liver cytochrome P-450 gene expression revealed that hypophysectomy decreased hepatic levels of P450R by Յ75% (1). Physiological replacement of T 3 but not other pituitary-dependent hormones in hypophysectomized animals substantially restored P450R levels, indicating that T 3 was required for full expression of P450R activity. Further studies demonstrated that T 3 administration to hypothyroid rats stimulated P450R mRNA production (ϳ20 -30-fold) while restoring protein and activity levels to normal (12) . In contrast, T 3 treatment of erythroid animals produced a 12-fold increase in P450R mRNA without significantly affecting either protein or activity levels (12) . Collectively, the data indicate that T 3 administration results in an increased message production regardless of thyroid status; however, the pathways regulating mRNA and protein levels remain to be defined.
The current study demonstrates that T 3 regulates cellular levels of P450R by both transcriptional and post-transcriptional mechanisms and identifies the thyroid response region of the promoter. An essential component of a T 3 transcriptional response is binding of the TR to specific recognition sequences in target genes, termed TREs, which consist of imperfect copies of a six nucleotide core binding site (5Ј-AGGTCA-3Ј) that can be organized into a variety of halfsites, including DRs, palindromes, and everted repeats (13, 14) . The P450R-TRE identified in the current study is shown to contain imperfect DRs of the AGGTCA motif that bind to TRs with high affinity and sequence specificity. In addition, this region is able to confer T 3 responsiveness when transferred to an unresponsive heterologous promoter.
Materials and Methods
Animals. Adult male rats were maintained under standard conditions of light and temperature. The hormonal status of the animals was modulated as previously described (12) . Hypothyroidism was achieved by administration of the antithyroid drug methimazole at a dose of 0.025% methimazole (w/v) in the drinking water for 16-24 days, and injection of hypothyroid (methimazole-treated) or euthyroid rats with a single intraperitoneal injection of T 3 (200 g/100 g of body weight) resulted in rats that were hyperthyroid (12) . Groups of rats were killed at the indicated times. Sprague-Dawley rats were used unless indicated otherwise.
Nuclear run-on transcription analysis. Isolation of liver nuclei from untreated and T 3 -treated hypothyroid or euthyroid rats and run-on transcriptional analysis using ␣-32 P-UTP-labeled nascent RNA chains were carried out essentially as previously described (15, 16) . Hybridization of labeled RNA transcripts to GeneScreen membranes (New England Nuclear Research Products, Boston, MA) containing linearized and heat-denatured P450R and S14 cDNAs was carried out at 65°for 48 hr in 4ϫ SSPE (1ϫ consists of 0.14 M NaCl, 0.88 mM NaH 2 PO 4 , 1 mM EDTA) containing 0.2% SDS, 1ϫ Denhardt's solution, 10 g/ml tRNA, and 1-3 ϫ 10 6 cpm/ml 32 P-labeled RNA. Blots were then washed with 2ϫ standard saline citrate (1ϫ consists of 15 mM sodium citrate, pH 7.0, 150 mM NaCl) containing 0.1% SDS at 42°for 1 hr, with the buffer changed each 20 min. A second wash was conducted at 37°for 30 min with RNase solution (10 mM Tris⅐HCl, pH 7.5, containing 0.3 M NaCl, 40 mM EDTA, and 1 g/ml RNase A). The final wash was at 42°for 1 hr in 0.1ϫ standard saline citrate containing 0.1% SDS. The filters were air dried and subjected to analysis using a Molecular Dynamics PhosphorImager (Sunnyvale, CA). Bands were quantified using ImageQuant software (Molecular Dynamics). S14 cDNA (3Ј-exon; pS14-C1) was kindly provided by Dr. D. Jump (Michigan State University).
Promoter constructs. The constructs p-488R, p-288R, and p-206R were prepared as previously described (11) . Remaining constructs were ligated into pSVXBA1 and possessed an XbaI site at the 5Ј end and a HindIII site at the 3Ј end and contained 40 bp of the untranslated first exon and various regions of flanking sequence, with the number identifying the 5Ј base. Plasmids p-584R and p-536R were generated through digestion of p-622R with PvuII or TaqI, blunting where necessary, followed by ligation of XbaI linkers. Fragments were digested with XbaI/HindIII and ligated into pS-VXBA1. Remaining plasmids were generated by polymerase chain reaction (17) , with p-622R as a template, using the following primers (5Ј to 3Ј notation with the XbaI site given in lowercase letters): Ϫ575, CAGCTtctagaAGACATGAGATC; Ϫ564, AAGACAtctagaCACAGGT-GAGC; and Ϫ552, CAGGTtctagaGAGGCCAGCAGC. At the 3Ј end, all used a primer within the CAT gene: 5Ј-CGAGATTTTCAG-GAGCTAAGGAAGC-3Ј. Fragments were digested with XbaI/HindIII, gel purified, and ligated into pSVXBA1. The heterologous promoter constructs were prepared by subcloning bases Ϫ564 to Ϫ532 of the P450R promoter or bases Ϫ185 to Ϫ164 of the rGH promoter upstream of the TK promoter in a Luciferase vector (18) to generate pP450R TRE TKLuc and pGH TRE TKLuc, respectively. Mutants p-584RM1, p-584RM2, and p-584RM3 were generated by sequential polymerase chain reaction (20) . The top strand of the oligonucleotides used to generate the mutations were: p-584RM1, 5Ј-GATCAC-GAGCTCGCTGAGGCCAGCAGCAGGTCG-3Ј; p-584RM2, 5Ј-GAT-CACAGGTGAGCTGGAGCTCGCAGCAGGTCG-3Ј; and p-584RM3, 5Ј-ACAGGTGAGCTGAGGCCAGCAGCGAGCTCAAACAC-3Ј(underlining indicates mutated bases). Mutants were placed upstream of a luciferase vector. All constructs were sequenced using Sequenase 2.0 (Amersham, Arlington Heights, IL).
Treatment of cells. COS cells and the rat hepatoma cell line H4IIE were grown in Dulbecco's modified Eagle's medium supplemented with 10% hormone-stripped fetal calf serum (19) . Cells were transfected with 3 g each of the promoter construct and an expression vector for TR␤1 (pCMD8-rTR␤1 (kindly provided by Dr. David Moore, Massachusetts General Hospital, Boston, MA) in the absence or presence of 10 Ϫ7 M T 3 according to the DEAE dextran method as previously described (20) . Transcriptional activity was measured by the CAT assay as optimized previously (20) or by the luciferase procedure (Promega, Madison, WI). Protein concentrations were determined according to the Lowry method. At least three separate transfection experiments were performed on triplicate dishes using two or more different DNA preparations. Ligand responsiveness of the various promoter constructs was expressed as the average of the T 3 -treated to -untreated and presented as the average Ϯ standard deviation of nine separate dishes.
Nuclear extract preparation and DNA/protein assays. Rat liver nuclear extract was prepared as previously described (11), and protein was determined according to the BCA method (Pierce, Rockford, IL). TR␣1 (chicken) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
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RXR␣ in pSG5 (21) was a generous gift of Janet Mertz (University of Wisconsin, Madison, WI). TR␤1 was excised from the pCMD8-TR␤1 vector and placed into pCITE 3b (Novagen, Madison, WI). TR␤1 and RXR␣ were then used for in vitro transcription/translation with the Single Tube Protein System 2 (Novagen). All reactions were run in duplicate with one translated in the presence of 35 S-methionine (Amersham) and the other translated with the unlabeled amino acid. SDS-polyacrylamide gel electrophoresis analysis demonstrated that Ͼ95% of the incorporated label was localized to a single protein band. For DNase protection assays, DNA fragments were isolated from the CAT constructs and labeled using Sequenase (Amersham). The coding strand of p-622R was labeled at the BamHI site with ␣-32 P-dGTP after digestion with BamHI/AflIII to generate a 367-bp fragment. The noncoding strand of p-622R was labeled at the HindIII site with ␣-32 P-dATP after digestion with HindIII/RsaI to generate a 449-bp fragment. Reactions were carried out as previously described (11) and analyzed on a 6% sequencing gel. For gel-shift assays, reactions contained ϳ10 4 cpm DNA, 0.5-2 g of poly(dI-dC), 5% glycerol, 10 mM Tris, pH 8.0, 60 mM KCl, 1 mM MgCl 2 , and either 6-10 g of rat liver nuclear extract or 2-4 l of the appropriate rabbit reticulocyte lysate mixture. Reactions were incubated at room temperature for 20 min, and products were separated on a 5% nondenaturing polyacrylamide gel. For the competition studies, competitor probes were added 10 min before the addition of protein. The following oligonucleotides were used: ORTR, 5Ј-GATCA-CAGGTGAGCTGAGGCCAGCAGCAGGTCG-3Ј; DR4, 5Ј-CCCAGAAT-GTTAGGTCAAAGGAGGTCAAAATAG-3Ј; and ORU, 5Ј-CCAGGGCTG-TACCAACAGCAGGGA-3Ј.
Results

T 3 regulation of the P450R gene:
Transcriptional and post-transcriptional control. Treatment of euthyroid or hypothyroid rats with a receptor-saturating dose of T 3 stimulated a major induction of P450R mRNA, which peaked by 12 hr after hormone injection (12) . To evaluate the contribution of T 3 -induced gene transcription to the observed P450R mRNA increases, run-on transcription analyses were performed. T 3 induced a ϳ1.8-fold transcriptional activation of the P450R gene in hypothyroid rats by 8 hr (Fig. 1A) . This transcriptional response was significantly lower than the ϳ20-30-fold increase in steady state liver P450R mRNA levels seen in these same animals (Ref. 12 and data not shown). It was also lower than the transcriptional induction of S14, a model T 3 -regulated rat liver gene (22) , obtained in the same nuclei (Fig. 1B) . In contrast, little or no activation of P450R gene transcription was observed when T 3 was administered to euthyroid rats at the same receptor-saturating dose (Fig. 1A) . This treatment is associated with a ϳ12-fold induction of liver P450R mRNA in the same livers (Ref. 12 and data not shown). A more detailed time course (1-24 hr) using nuclei from T 3 -treated euthyroid animals in a separate series of experiments carried out with Sprague-Dawley rats confirmed the absence of detectable transcriptional activation in liver samples with induced levels of P450 mRNA (data not shown). These studies demonstrated that although T 3 can transcriptionally activate the P450R gene, the extent to which this activation contributes to the associated increases in P450R mRNA levels is dependent on the thyroid status of the animal. In the euthyroid state, post-transcriptional events are primarily responsible for the mRNA increase, whereas in the hypothyroid animals, both transcriptional and post-transcriptional pathways are operative.
Identification of the T 3 responsive region. To identify cis-acting sequences responsible for conferring T 3 transcriptional regulation, a series of 5Ј deletion constructs of the P450R promoter linked to the CAT gene were analyzed in transient transfection studies. When the rat hepatoma cell line H4IIE was transfected with p-622R in the presence or absence of T 3 , no induction was noted (data not shown). However, cotransfection with an expression vector encoding Fig. 1 . Nuclear run-on transcriptional analysis of P450R (A) and S14 (B) genes in rat liver. Nuclei isolated from untreated and T 3 -heated hypothyroid and euthyroid rat liver were incubated in the presence of [␣ 32 P]UTP to elongate nascent RNA transcripts. Labeled RNA was then isolated and hybridized to filters containing P450R or S14 probes as described in Materials and Methods. Shown are run-on transcription rates relative to hormone-free controls determined by PhosphorImager analysis. Results are expressed as mean Ϯ standard deviation for three individual rats/treatment group. rat TR␤1 resulted in a ϳ2.4-fold increase in promoter activity that was both hormone and receptor dependent (Fig. 2) . No induction was observed in the absence of hormone or when a ␤-galactosidase expression plasmid was cotransfected in place of TR␤1. The 2.4-fold induction observed in cultured cells corresponds to the effects of T 3 on P450R transcription in hypothyroid animals (Fig. 1A) . Transient transfection of longer constructs, containing Յ1.5 kb of 5Ј flanking region, revealed a similar response to hormone (data not shown), indicating that the proximal 622 bp is sufficient for induction by T 3 . In contrast, constructs p-488R, p-405R, and p-206R were unresponsive to T 3 , indicating that the hormone-responsive element half-site (TGACCT) previously identified between bases Ϫ213 and Ϫ218 (7) was not involved in T 3 regulation (Fig. 2) and further narrowing the T 3 responsive region to the 134 bp between Ϫ622 and Ϫ488. Although T 3 produced equivalent inductive responses with p-622R and p-584R, constructs p-575R and p-564R showed a similar, although slightly lower, induction (ϳ1.8-fold). Interestingly, deletion of bases Ϫ564 to Ϫ552 (p-552R) resulted in a total loss of T 3 responsiveness, localizing the hormone responsive region to the promoter segment defined by bases Ϫ564 to Ϫ552.
Core TRE sequences usually consist of two or more copies of the hexameric sequence AGGTCA arranged in various orientations (13, 14) . Sequence analysis of bases Ϫ561 to Ϫ535 of the P450R T 3 responsive region revealed three imperfect DRs having the general TRE motif AGGTCA and the specific sequences and spacing of AGGTgA (N) 4 AGGcCA (N) 5 AGGTCg [deviations from the AGGTCA consensus shown in lower case] (Fig. 3) . The presence of these motifs related to the functional importance of this region; T 3 induction was maintained in p-564R, which contained all three motifs, whereas p-552R, in which the motif nearest the 5Ј end was deleted, lost responsiveness to T 3 (Fig. 2) . This is a key observation because it identifies the AGGTGA sequence as being required for the full T 3 response. The region containing the three motifs was designated the P450R-TRE. Comparison of other naturally occurring TREs to the P450R-TRE illustrates the high degree of variation noted among different responsive elements (Fig. 3) .
Multiple DNA/protein interactions at the P450R-TRE. Protein binding sites in the T 3 responsive region of the P450R promoter were identified by DNase footprint analysis (Fig. 4) . A probe that encompassed bases Ϫ622 to Ϫ405 of the P450R promoter was labeled on the coding strand and incubated with liver nuclear extract from euthyroid rats (Fig. 4,  lane 2) . Several protected regions were observed, including bases Ϫ568 to Ϫ545, which contained the two upstream motifs AGGTgA (N4) AGGcCA, and bases Ϫ542 to Ϫ528, which covered the third motif AGGTCg. DNase footprint analysis of the noncoding strand also demonstrated protein binding over these motifs as bases Ϫ575 to Ϫ552 and Ϫ548 to Ϫ533 were protected from digestion, as well as an additional binding site from Ϫ530 to Ϫ507 (Fig. 4, lanes 5 and 6) . Examination of liver nuclear extract from rats rendered hypothyroid by treatment with methimazole produced similar results (Fig. 4, lane 7) . This finding supports previous work, which established that TR is localized to the nucleus and can be bound to DNA in the absence of ligand (23) (24) (25) . Collectively, the cell culture and footprint studies establish that the P450R-TRE is functionally important and that nuclear proteins bind to all three motifs.
To directly assess whether TR can bind to the P450R-TRE, a double-stranded oligonucleotide that encompassed all three motifs (bases Ϫ564 to Ϫ532) was synthesized and used as a probe in gel-shift assays. TRs can bind to TREs as monomers, homodimers. or heterodimers, depending on the sequence and orientation of the motifs and whether additional proteins are present (13) . Previous studies have demonstrated that the monomeric form displays a faster mobility in gel-shift analyses compared with the dimeric form of the receptor (24, 26) . Incubation of labeled P450R-TRE with TR␣1 resulted in the formation of two retarded complexes (Fig. 5A, lanes 3-5) . At low concentrations of TR␣1, only the faster migrating monomeric complex was observed (Fig. 5A, lane 2) , and as additional TR␣1 was added, the slower mobility homodimeric complex was generated (Fig. 5A, lanes 3-5) . Incubation of labeled P450R-TRE with both TR␣1 and rat liver nuclear extract resulted in the loss of the monomeric complex, whereas at the same time a broad slower mobility band was produced that overlapped the homodimer band (Fig. 5A , lane . Rat liver nuclear extract alone also exhibited similar complex formation, although the bands were not as intense (Fig. 5A, lane 7) . Rat liver nuclear extract contains TRs and a number of TRAPs that form TR/TRAP heterodimers (13, 21, (27) (28) (29) . Thus, it seems that the P450R-TRE can directly bind TR␣1 as both a monomer and a homodimer, and heterodimeric complexes will form in the presence of rat liver nuclear extract.
The functionally active form of TR is thought to be the TR/TRAP heterodimer (21, (27) (28) (29) (30) . Transfection experiments were carried out in both H4IIE and COS cells, each of which appeared to be deficient in TR, because cotransfection of receptor was required to elicit a hormonal response. The ability of extracts from these cells to form a gel-shift complex with P450-TRE was evaluated (Fig. 5B) . Each extract produced a distinct pattern of complex formation, which is consistent with the observation that certain cells differentially express TRAPs, which allows the formation of specific TR/ TRAP heterodimers (31) . In comparison to TR homodimers, TR/TRAP heterodimers show an increased binding affinity to TREs, with the major TR in rat liver being TR␤1 (13) and the most abundant TRAP being RXR␣ (29) . Incubation of labeled P450R-TRE with TR␣1 and RXR␣ resulted in the formation of a new complex (Fig. 6, lane 3) , which was not present when the probe was incubated alone with either TR␣1, RXR␣, or unprogrammed lysate (Fig. 6, lanes 2, 6, and 7, respectively) , Fig. 4 . DNase I protection analysis of the T 3 responsive region. For the coding strand (lanes 1-3) , a 367-bp BamHI/AflIII fragment was labeled at the BamHI site with ␣-32 P-dGTP, whereas for the noncoding strand, a 449-bp HindIII/RsaI fragment was labeled at the HindIII site with ␣-32 P-dATP (lanes 4 -7). Probes were incubated in the presence or absence of rat liver nuclear extract before digestion with DNase I. Lanes 1, 3, and 4, no protein. Other lanes contained 50 g of rat liver nuclear extract isolated from 6-week-old euthyroid rats (lanes 2 and 5), 10-week-old euthyroid rats (lane 6), or rats treated for 24 days with the antithyroid drug methimazole (lane 7). Numbers, regions of protection indicating the position relative to the transcription start site. 5 and 9 -11) . A 50-fold excess of cold competitor, either self (P450R-TRE; lanes 4 and 10), or non-specific oligonucleotide (ORU; lanes 5 and 11) was added to the reactions 10 min before the addition of probe. Lane 6, 2 l of RXR␣. Lane 7, 2 l of unprogrammed rabbit reticulocyte lysate. Reactions were analyzed on a 4% nondenaturing polyacrylamide gel. indicating that the TR␣/RXR␣ heterodimer bound to the P450R-TRE. Competition studies demonstrated the specificity of these interactions, as a 50-fold excess of self-inhibited formation of the labeled complex (Fig. 6, lane 4) , whereas a 50-fold excess of a nonspecific competitor (ORU) did not diminish complex formation (Fig. 6, lane 5) . Similar in vitro binding experiments demonstrated that TR␤1 also bound to P450R-TRE (Fig. 6, lane 8) . The addition of RXR␣ produced a higher affinity complex whose formation was inhibited by a 50-fold excess of either self but not by a nonspecific competitor (Fig. 6, lanes 9-11) , also suggesting TR␤/RXR␣ could bind as a heterodimer to P450R-TRE.
P450R-TRE confers hormone responsiveness to a heterologous promoter. To evaluate whether P450-TRE could activate a nonresponsive heterologous promoter, three copies of P450R-TRE were placed upstream of the TK promoter in a luciferase reporter plasmid (pP450R TRE TKLuc). As a positive control, two copies of the rGH TRE (Fig. 3) were also inserted upstream of the same promoter. Because the basal activity of the heterologous promoter was low in H4IIE cells, constructs were transfected into COS cells. COS cells retain a number of TRAPs, including RXR, and have been used previously to characterize TREs (31) . T 3 treatment of cells transfected with pP450R TRE TKLuc resulted in a 2.7-fold increase in reporter gene activity, whereas T 3 stimulation of pGH TRE TKLuc increased promoter activity 3.5-fold (Table 1) . Both responses were dependent on cotransfection of TR␤1 (data not shown). These results demonstrate that the P450R-TRE is able to augment transcription of a heterologous promoter in a receptor-and hormone-dependent manner.
Mutational analysis demonstrates the 5 DR is essential for the T 3 response. Although considerable variation has been noted among naturally occurring TREs (Fig. 3) , the length of the spacer between DRs plays an important role in achieving a selective hormonal response, with spacings of 3, 4, and 5 bp conferring preferential transcriptional responses to receptors for vitamin D, T 3 , and retinoic acid, respectively (32, 33) . To more fully define the sequences required for induction, each motif was separately modified to abolish similarity to an AGGTCA consensus. Mutations were generated in p-584R, a construct that displayed maximum response to T 3 . Modification of the 5Ј (p-584RM1) and middle (p-584RM2) motifs resulted in the loss of induction by T 3 (Fig. 7) . In contrast, p-584RM3, in which the 3Ј motif was mutated, retained responsiveness to the hormone. Mutations did not decrease basal activity (data not shown). These results correlate with those obtained for the deletion construct p-552R, which showed a loss of T 3 induction on the removal of the 5Ј motif of the TRE. Thus, the TRE of the P450R gene is composed of an imperfect DR4 with the sequence AGGTGAgctgAGGCCA.
Discussion
Previously, it was demonstrated that T 3 could greatly stimulate the expression of P450R mRNA (12) . The current study demonstrates that both hormone-dependent transcriptional and post-transcriptional events contribute to this response. Studies on the transcriptional regulatory mechanism identified an element, designated P450R-TRE, that is crucial for T 3 -stimulated, TR-dependent P450R gene transcription. This element is located between bases Ϫ564 to Ϫ535 and contains three imperfect DRs of the AGGTCA motif, two of which (Ϫ561 to Ϫ546) were shown to be essential for the T 3 response. DNase footprinting and gel mobility shift studies demonstrated that not only do proteins present in rat liver nuclear extract bind to this regulatory element but also a direct interaction is observed between P450R-TRE and both TR␣1 and TR␤1. In addition, placement of P450R-TRE upstream of a heterologous promoter confers T 3 sensitivity to a nonresponsive promoter.
The direct effects of T 3 on target genes are mediated by the TRs that bind specific responsive elements. These receptors are members of the steroid/thyroid superfamily of nuclear transcription factors that bind to copies of the core recognition motif AGGTCA found in several orientations, including DR, palindrome, and everted repeat (14) . Multiple isoforms of TR exist; however, although the receptors ␤1, ␤2, and ␣1 display characteristic patterns of developmental, tissue-specific, and hormonal regulation, all have been found to comparably bind both DNA and T 3 , form heterodimers, and trans-activate responsive genes (13) . Indeed, in the current Thyroid Regulation of NADPH:Cytochrome P450 Oxidoreductase 51 study, both TR␣1 and TR␤1 bind to the P450R-TRE, and TR␤1, which is the major TR found in rat liver (13) , can trans-activate the P450R promoter constructs.
The P450-TRE element not only was able to directly bind to TR␣1, TR␤1, and rat liver nuclear extract but also formed heterodimeric complexes on coincubation of TR␣1 and either RXR␣ or nuclear extract from rat liver, H4IIE, or COS cells (Figs. 5 and 6 ). Many studies have demonstrated that TRs can bind to TREs as monomers, homodimers, and heterodimers by association with TRAPs, but the specific complex that binds TRE is influenced by factors such as sequence and arrangement of hexamer motifs, availability and relative content of accessory proteins, presence of ligand, and receptor phosphorylation status (for a review, see Ref. 13 ). Using a variety of TREs, TR seems to bind preferentially to DNA as a heterodimer with RXR (21, 27-30) and other nuclear proteins (34 -36) , and several studies have indicated that the functionally active form of TR is the TR/RXR heterodimer (21, (27) (28) (29) (30) . However, functional augmentation of the T 3 response by RXR seems to be both cell and element specific (31) . Not only is RXR␣ the major TRAP in rat liver extract (29) , but it is also found in COS nuclear extract (31) .
The P450R T 3 responsive region displays a complex motif arrangement containing three imperfect DRs separated by 4 and 5 bp, respectively (Fig. 3) . Deletion analysis of the P450R promoter region indicates that the 5Ј-most motif is critical for T 3 responsiveness (Fig. 2) . However, rat liver nuclear extract protected all three motifs in DNase footprint analysis (Fig.  4) , and preliminary results have also indicated that if the region is subdivided into P450R-DR4 (bases Ϫ567 to Ϫ541) or P450R-DR5 (bases Ϫ555 to Ϫ528), TR␣1 will bind to either DR in gel-shift experiments (data not shown). Although the length of spacer between DRs seems to play an important role in achieving a selective hormonal response, with a spacing of four conferring preferential transcriptional response to TR (32, 33) , considerable variation is noted among naturally occurring TREs (Fig. 3) . For example, mutational analysis of the rGH, r␣MHC, and rME TREs demonstrate that although all three motifs of the rGH and r␣MHC genes must be intact for maximal T 3 induction, only the two motifs (Fig. 3, solid  arrows) are essential for hormone responsiveness of the rME TRE (37) . Mutational analysis of the P450R T 3 responsive region indicated that like the rME TRE, only the DR4 element is essential for the T 3 response (Fig. 7) .
Recently, it was reported that for an idealized DR, the optimum TRE actually consists of an 8-bp sequence (TAAG-GTCA), not a hexamer, and equivalently strong T 3 responses were conferred on octamer DRs with spacing of 3, 4, or 5 bp (38) , indicating that TRE spacing may not be the only factor to dictate hormone sensitivity. Although P450R-TRE does not contain this particular octameric sequence, the precise sequence requirements within this 8-bp motif have not been strictly defined. In addition, the P450R promoter region footprint observed with rat liver nuclear extract extends upstream of the actual TRE motif; the motif begins at Ϫ561, whereas the footprint extends 5Ј to base Ϫ575. Whether this is due to an extended TR-binding site or binding of an additional protein(s) is not clear; however, the fact that protein binding occurs further upstream of the P450R-TRE may explain the small but significant drop in T 3 induction found in constructs p-575R and p-564R.
Results from this study clearly demonstrate that T 3 -activated transcription of the P450R gene depends on the T 3 status of the animal. The 1.8-fold increase in transcriptional activity seen in T 3 -treated hypothyroid rats is not directly proportional to the Ͼ20-fold increase in P450R mRNA seen in the same animals (Ref. 12 and data not shown), indicating that both transcriptional and post-transcriptional events contribute to the observed mRNA increase. Similarly, the 12-fold increase in P450R mRNA in T 3 -treated euthyroid rats is not accompanied by an increased transcriptional response, suggesting that post-transcriptional pathways regulated by T 3 account for the increased message level. Together, these findings suggest that the P450R mRNA increases associated with the transition from the hypothyroid state to the euthyroid state are largely transcriptional and likely mediated by P450R-TRE, whereas the increases associated with hyperthyroidism are mainly post-transcriptional. Other T 3 -regulated genes also show a dependence on hormonal state for transcriptional activation. For example, significant transcriptional activation of the S14 gene was observed only in T 3 -treated hypothyroid rats (16), a finding that was confirmed in the current study (Fig. 1 ). Multiple levels of control, including regulation of protein half-life, mRNA stability and rates of transcriptional initiation, have been reported for other T 3 responsive genes (for a review, see Ref. 34 ). Although some genes display a single level of control, such as the RXR␤ and RXR␥ genes (39), T 3 can affect many genes at multiple levels. For example, although the S14 gene is transcriptionally regulated by T 3 , its mRNA is also rapidly stabilized (40) . Malic enzyme also shows both a T 3 -dependent transcriptional activation and a decrease in the rate of mRNA degradation (41) . In addition, T 3 transcriptionally activates the rat cardiac myosin heavy chain gene and affects two different post-transcriptional events, including alternative splicing and variable 3Ј end formation (42) . These or other post-transcriptional mechanisms could be responsible for the ϳ12-fold increase in P450R mRNA observed on T 3 treatment of hypothyroid rats. In addition to disease state, physiological and environmental factors, such as pregnancy, malnutrition, environmental temperature, and stress, can affect the levels of circulating T 3 . P450R is thought to be rate limiting for many liver P450-catalyzed reactions, and alterations in the P450R levels in response to changes in T 3 levels are thus likely to affect P450-dependent metabolism of numerous drugs, carcinogens, and other substrates (1) . Further studies of the underlying molecular basis for regulation of P450R by T 3 will allow a better prediction of the effects of hormonal status on the metabolism of xenobiotics as well as endogenous steroids and other P450 substrates.
